[1] We present first results of a petrographic study of hydrothermally altered peridotites drilled during Ocean Drilling Program (ODP) Leg 209 in the 15°20 0 N fracture Zone area on the Mid-Atlantic Ridge (MAR). We find that serpentinization is extensive at all drill sites. Where serpentinization is incomplete, phase relations indicate two major reaction pathways. One is reaction of pyroxene to talc and tremolite, and the other is reaction of olivine to serpentine, magnetite, and brucite. We interpret these reactions in the light of recent peridotite-seawater reaction experiments and compositions of fluids venting from peridotite massifs at a range of temperatures. We suggest that the replacement of pyroxene by talc and tremolite takes place at temperatures >350°-400°C, where olivine is stable. The breakdown of olivine to serpentine, magnetite, and brucite is favored at temperatures below 250°C, where olivine reacts faster then pyroxene. High-temperature hydrothermal fluids venting at the Logatchev and Rainbow sites are consistent with rapid reaction of pyroxene and little or no reaction of olivine. Moderate-temperature fluids venting at the Lost City site are consistent with ongoing reaction of olivine to serpentine and brucite. Many completely serpentinized peridotites lack brucite and talc because once the more rapidly reacting phase is exhausted, interaction with the residual phase will change fluid pH and silica activity such that brucite or talc react to serpentine. At two sites we see strong evidence for continued fluid flow and fluid-rock interaction after serpentinization was complete. At Site 1268, serpentinites underwent massive replacement by talc under static conditions. This reaction requires either removal of Mg from or addition of Si to the system. We propose that the talc-altered rocks are Si-metasomatized and that the source of Si is likely gabbro-seawater reaction or breakdown of pyroxene deeper in the basement. The basement at Site 1268 is heavily veined, with talc and talc-oxide-sulfide veins being the most common vein types. It appears that the systems evolved from reducing (oxygen fugacity buffered by magnetite-pyrrhotite-pyrite and lower) to oxidizing (dominantly hematite). We propose that this transition is indicative of high fluid flux under retrograde conditions and that the abundance of hematite may relate to the Ca-depleted nature of the basement that prevents near-quantitative removal of seawater sulfate by anhydrite precipitation. At site 1272 we find abundant iowaite partly replacing brucite. While this is the first report of iowaite from a mid-ocean ridge setting, its presence indicates, again, fairly oxidizing conditions. Our preliminary results indicate that peridotite-seawater and serpentinite-seawater interactions can take place under a wider range of temperature and redox conditions than previously appreciated.
Introduction
[2] Serpentinization of peridotites at slow-spreading mid-ocean ridges has important consequences for the rheology of oceanic lithosphere [Escartín et al., 1997] , geochemical budgets of the oceans [Thompson and Melson, 1970; Snow and Dick, 1995] , and microbial processes within, at, and above the seafloor [Kelley et al., 2001; Holm and Charlou, 2001; O'Brien et al., 1998; Alt and Shanks, 1998 ]. Serpentinization is also believed to play an important role in setting ocean chemistry and redox conditions at the surface of planetary bodies such as Europa [Zolotov and Shock, 2003] . Mid-water light back-scatter and chemical anomalies along mid-ocean ridge segments that have thin or no igneous crust suggest that serpentinization and peridotite-hosted hydrothermal systems in these settings may be widespread [German et al., 1998; Bach et al., 2002; Edmonds et al., 2003] .
[3] Insights into serpentinization reactions are based on analyses of vent fluids from peridotitehosted hydrothermal systems [Kelley et al., 2001; Charlou et al., 2002; Douville et al., 2002] , experimental and theoretical considerations [Allen and Seyfried, 2003] , and petrographic studies (see Mével [2003] for a review). Experimental studies have demonstrated that pyroxenes react faster than olivine at temperatures above 250°-300°C, while olivine reacts faster than pyroxene at temperatures <250°C [Martin and Fyfe, 1970; Janecky and Seyfried, 1986; Allen and Seyfried, 2003 ]. Pyroxenes react to form serpentine, talc, and tremolite, releasing Ca, Si, H 2 , and acidity to the reacting fluids that may cause rodingitization in adjacent gabbro bodies. Hydrogen may react with dissolved bicarbonate to form hydrocarbons [Kelley and Frü h-Green, 1999, 2000; Holm and Charlou, 2001] . Fe-Ni-O-S phase relationships [Craig, 1973; Eckstrand, 1975; Frost, 1985; Alt and Shanks, 1998, 2003] confirm high aqueous H 2 activities in serpentinization systems. Abiotic synthesis of high-molecular weight organic compounds in these environments has been proposed [Holm and Charlou, 2001] ; however, an abiotic nature of these components has been questioned [Simoneit et al., 2004] , and reaction conditions and pathways of hydrothermal organic synthesis are poorly understood [McCollom and Seewald, 2001] .
[4] Ocean Drilling Program (ODP Leg 209 drilled mantle peridotite and gabbroic rocks along the Mid-Atlantic Ridge (MAR) between 14°N and 16°N to study along-axis variations in deformation, melt migration, and hydrothermal alteration. The recovered peridotites show a remarkable variability of serpentinization reactions and intensities of alteration including incipient serpentinization of olivine along with talc-tremolite alteration of pyroxenes, complete alteration of peridotites to serpentine and magnetite followed by replacement of serpentine by talc, various degrees of serpentine-brucite alteration, and replacement of brucite by iowaite. These rocks provide a unique opportunity to gain new insights into serpentinization reactions. Our field observations can be calibrated against recent results from experimental and theoretical geochemical and petrological studies to further our understanding of serpentinization and its role in tectonic accreting and microbial colonizing of oceanic lithosphere at slow spreading ridges. We here report initial petrographic observations and discuss their bearings on mineral-fluid reactions. Detailed examinations of the timing of alteration and its relation to deformation will be presented in forthcoming communications.
Geological Setting and Drill Site Descriptions
[5] The area near the 15°20 0 N Fracture Zone (FZ) on the Mid-Atlantic Ridge (MAR) has been the focus of numerous geophysical, dredging, and submersible surveys [e.g., Escartín and Cannat, 1999; Escartín et al., 2003; Cannat et al., 1997; Casey et al., 1998; Fujiwara et al., 2003; Bougault et al., 1988] (Figure 1 ). Both flanks of the MAR in the 15°20 0 N FZ area are composed of serpentinized mantle and gabbroic rocks, indicative of extensive crustal thinning and formation of oceanic core complexes along longlived low-angle faults. Basaltic volcanism is scarce north of the 14°N region that is characterized by enriched-type mid-ocean ridge basalt (MORB) [Dosso and Bougault, 1986; Dosso et al., 1993] . Mantle peridotites from 15°05 0 N also display enriched geochemical signatures [Dick and Kelemen, 1992] . The magmatic center at 14°N coincides with a large, concentric negative mantle Bouguer gravity anomaly. While a similar, but smaller, anomaly has been observed at 16°N the region in between these two gravity bullseyes shows relative gravity highs consistent with the predominance of mantle rocks at the seafloor [e.g., Cannat et al., 1997; Escartín and Cannat, 1999; Fujiwara et al., 2003] . The Logatchev hydrothermal field is located at $14°45 0 N on the eastern median valley wall within steeply faulted blocks of serpentinized peridotites [Krasnov et al., 1995] . Active hydrothermal venting is common in the area, as indicated by abundant and strong methane anomalies in the water column Charlou et al., 1998; Sudarikov and Roumiantsev, 2000] .
[6] The following drill site description is not comprehensive, and we refer to Shipboard Scientific Party [2003] for details. An overview of the drilling achievements and site lithologies is provided in Table 1. [7] Site 1268 is located on the western flank of the rift valley in flat terrain upslope and west of a steep scarp that exposes dunite and peridotite with gabbroic dikes (Figure 1 ). Hole 1268A penetrated 147.6 m into basement and recovered 78.7 m of core. All holes of Site 1270 spud into striated outcrops of peridotite and gabbro on the eastern flank of the MAR from 1951 to 1822 meters below sea level (mbsl). Poor recovery and the presence of fault gouge at 15-20 mbsf in every hole indicate that brittle fault zones run parallel to the fault surface that is exposed on the rift wall. This fault zone caused borehole instabilities that inhibited deep basement penetration. Site 1271 is located on the western flank of the Mid-Atlantic rift valley at a depth of about 3600 mbsl (Figure 1 ). Hole 1271A spudded into a smooth, sedimented slope, encountered a near-surface fault zone at around 20 mbsf and had to be abandoned after drilling [Bougault et al., 1988 Cannat, 1993; Cannat et al., 1992 Cannat et al., , 1997 Cannat and Casey, 1995; Dosso et al., 1993; Fujiwara et al., 2003] , which have recovered numerous samples of dunite, harzburgite, and basalt. Hole 1272A was spudded into to a relatively flat area in the vicinity of several cliffs. The topmost 55 m of basement reveal numerous faults, intervals of poor recovery, and diverse lithologies, including fine-grained basalt, a medium-grained hypabyssal gabbro, and a carbonate cements breccia with serpentinite clasts. Most likely, the top portion of Hole 1272A represents a tectonic breccia with large blocks, up to 5 m in size. Below a fault gouge at 55 mbsf, 75 m of homogeneous, green, serpentinized harzburgite with minor dunite were drilled. Site 1274 is located on the western flank of the Mid-Atlantic rift valley at a water depth of 3940 m in an area of weathered outcrops along a gentle slope (Figure 1 ). Hole 1274A was penetrated to a depth of 156 mbsf, with a total core recovery of 35 m.
Results

Site 1268
[8] The 147.6 meter long section drilled at Site 1268 is composed of completely altered harzburgite and dunite that is intersected by mylonitic shear zones, late-stage magmatic dikes, and gabbronorite bodies that are moderately to completely altered (Figure 2a) . The high recovery rate of Hole 1268A (53.3%) provides a unique opportunity to interpret the metamorphic evolution of the shallow mantle in the context of tectonic and magmatic events. The most important first-order observation is that two alteration events have affected the rocks: (1) pervasive serpentinization and (2) pervasive talc alteration, which overprints serpentinization in some sections. Both serpentinization and talc alteration were static and apparently unrelated to the intensity of crystal-plastic deformation [Shipboard Scientific Party, 2003].
[9] Peridotites are altered to green to dark green serpentinite consisting of serpentine+magnetite± pyrite that completely replace both olivine and orthopyroxene. Cr-spinel is fresh in most instances, although minor alteration to magnetite and rare ferritchromite is present locally. The microtextures of serpentinized harzburgite and dunite range from pseudomorphic mesh and hourglass textures to transitional ribbon textures to nonpseudomorphic interlocking textures with serrate chrysotile veins (Figure 3a ).
[10] Talc alteration is remarkably common in the drill core from Hole 1268A. Talc-altered harzburgites reveal variable replacement of groundmass serpentine and bastite by talc (Figures 3b-3f ). Incipient replacement of serpentine by talc is initiated along serpentine bands defining ribbon textures and mesh-rims (Figure 3b ) or along microcracks in serpentinite (Figure 3c ). Even in highly talc-altered rock the original serpentinite microtextures is commonly preserved (Figure 3d ). In some completely talc-altered rocks recrystallization resulted in coarse-grained nonpseudomorphic talc patches. In talc-altered harzburgite with complete bastite replacement, dark green, mm-wide rims of relict serpentine of unusually intense green color and high birefringence outline the original shape of the orthopyroxene (Figure 3e) . Textural evidence shows that talc alteration post-dates serpentinization, early chrysotile+magnetite veining, pyrite+serpentine veining, and later generations of chrysotile veins.
[11] The basement at Site 1268 is heavily veined (8.9 Vol.% veins in core), with a remarkably high abundance of sulfide and sulfide/oxide-bearing talc, serpentine veins, and monomineralic talc veins (Figure 3f ). Sulfides and oxides are abundant (up to a few percent of individual cores) in the halos along these metamorphic veins as well as along gabbroic dikes. Different generations of serpentine veins are developed throughout Hole 1268A. A first generation of serpentine-magnetite veins was synchronous with the serpentinization of the harzburgites and dunites. Later generations of pyrite±serpentine veins followed by fibrous chrysotile veinlets within the serpentines are part of the early background serpentine alteration. Talc veins (Figure 3f ) are the most common vein type in Hole 1268A, making up 48% of all veins by volume. Talc is also common as gangue in pyrite±polydymite±magnetite±hematite±millerite veins that post-date serpentine-magnetite veins Opx, orthopyroxene; Chl-amph, chlorite and amphibole. 
Site 1270
[12] Harzburgites and dunites in Holes 1270A and 1270C were affected by pervasive serpentinization mostly under static conditions. Serpentinite micro- [15] Serpentinization is mostly static, but one sample from the uppermost part of Hole 1270A shows evidence for syn-kinematic serpentine recrystallization. There the serpentinite mesh texture is overprinted by shear zones that recrystallized to interpenetrating serpentine (Figure 4a ). Furthermore, chrysotile veins are transposed into the foliation, indicating that deformation occurred during late-stage serpentinization. Pre-to syn-kinematic serpentinization in Holes 1270C and 1270D is reflected by the prominent development of paragranular serpentine veins ( Figure 4b ). Some en echelon cross-fiber serpentine veins are transposed and rotated in talc shear zones. However, late generations of serpentine veins crosscut talc-rich shear zones and earlier generations of serpentine veins, indicating that serpentinization took place in several stages and that deformation continued after the initial high-temperature ductile deformation. Hence, in different sections of cores from Site 1270, there is evidence for serpentinization prior to, during, and after the deformation recorded by amphibole-chlorite-talc schists.
[16] In addition to the main types of alteration described above, Holes 1270 C and 1270D contain minor carbonate and oxide veins. Networks of Fe-oxyhydroxide veins are generally restricted to the shallower sections of these holes and probably formed during seafloor weathering. The predominance of hematite and general lack of sulfides indicates oxidizing conditions and low sulfur fugacities. Carbonate veins with red clays also formed during shallow seawater infiltration. Carbonate crystals in these veins commonly display a prismatic habit, indicating aragonite that is formed by interaction with cold seawater [e.g., Bonatti et al., 1980] . However, carbonate is locally present in the deeper part of Hole 1270D, where carbonate veins are spatially related to talc shear zones and cut serpentine textures. These veins do not cut across talc-rich shear zones, but appear to grade into them. Potentially, this relationship may indicate that the formation of carbonate is related to the circulation of carbonate-bearing fluids along the shear zones.
Site 1271
[17] Two holes were cored at Site 1271, which is located at the inside corner high of the MidAtlantic Ridge segment to the south of the 15°20 0 N fracture zone. The drill core from Hole 1271A consists predominantly of completely serpentinized dunite with localized occurrences of brucite. Some intervals also experienced lowtemperature seafloor weathering. The drill core from Hole 1271B consists of a complex association of completely altered mafic rocks and variably altered dunite and harzburgite. The ultramafic rocks are intruded and infiltrated by the gabbroic lithologies that have experienced variable degrees of syn-deformational hydrothermal alteration to amphibolite. Relatively fresh dunite is also present, in particular in proximity to amphibolites.
[18] Hole 1271A is dominated by light gray to black, completely serpentinized dunites. Microtextures in the serpentinized dunite range from pseudomorphic mesh texture through transitional texture to nonpseudomorphic ribbon texture. In the uppermost 10 meters, the dunites have a yellowish-green to gray groundmass hosting abundant, transgranular, black serpentine-magnetite veins, mainly oriented parallel to the long axis of the core. This peculiar ''tiger-striped'' appearance is limited to the uppermost basement and is also common in dunite dredged from the seafloor (H. J. B. Dick, personal communication, 2003) . The development of this macroscopic texture may hence relate to seafloor weathering reactions including brucite dissolution.
[19] Deeper in the section, completely serpentinized dunites have a uniform gray color and contain substantial proportions of brucite, locally up to 10 -15 vol%. Brucite with anomalous brown interference colors forms aggregates of fine, elongate crystals that are surrounded by, and intergrown with serpentine ( Figure 4c ). This texture indicates that the brucite formed coeval with serpentine.
[20] Like in Hole 1271A, dunite comprises a greater proportion of the recovered core than harzburgite in Hole 1271B. Pervasively serpentinized dunite and harzburgite range in color from light to dark green in the uppermost two cores to gray and black in the deeper sections and are composed mainly of serpentine and magnetite. Brucite is locally abundant (up to 5%) as brown aggregates within the serpentine mesh texture. Noticeable amounts of brucite are consistently present near the bottom of the hole in Sections 1271B-17R-1 to 19R-1 (84-95 mbsf). Serpentinization textures vary from relict mesh texture, to ribbon textures, to shear zones in which a distinct foliation is present. Locally, bastite pseudomorphs after orthopyroxene are present. Talc alteration is minor in Hole 1271B and is present only in three short intervals where it is clearly related to deformation (talc-tremolite schists). In relatively fresh dunites (chiefly in cores 12 and 13 of Hole 1271B), rare orthopyroxene is replaced by talc (Figure 4d ), while olivine is mostly fresh. The predominance of dunite at Site 1271 differs from the relative proportions recovered at Sites 1268 and 1270, where harzburgite is more abundant than dunite.
[21] Amphibole-bearing dunites, in which the dunite is commonly relatively fresh, first appear at a depth of about 50 mbsf. The contacts between dunite and amphibole-bearing assemblages are variable and complex. The general impression is that of intrusions of mafic material into dunite, locally disaggregating it and engulfing cm-sized dunite fragments, while forming apophyses and veins in other sections of the core. Alteration of the dunite to serpentine begins along irregular cracks that form a mesh network, usually with fresh olivine in the mesh centers. Olivine is also replaced by amphibole, in particular in proximity to the contacts with mafic material. Amphibolitization of olivine is pseudomorphic and preserves the magnetite rims of mesh texture in olivine. Orthopyroxenes with vermicular spinel are altered to talc, even in relatively fresh dunite. It appears that dunite in contact with mafic material is much less serpentinized than dunite in sections of the core that do not contain mafic material.
Site 1272
[22] The lowermost 86 m of basement drilled at Site 1272 comprise serpentinized harzburgite and dunite, consisting of serpentine, and magnetite with variable amounts of brucite and/or iowaite ( Figure 2b ). The microtextures range from pseudomorphic mesh-rim textures to transitional ribbon textures to rare nonpseudomorphic interlocking textures. Microscopic, apparently fibrous, serpentine veins are common and include length-slow g-serpentine (chrysotile) as well as length-fast a-serpentine veins (lizardite). The latter type of microveins was not observed in cores from any of the other Leg 209 drill sites. In the lowermost 31 mbsf of Hole 1272A, serpentinization of olivine and orthopyroxene was incomplete, and 1%-8% of these phases are preserved. The overall decrease in alteration intensity is matched by increases in density and sonic velocity in the bottom part of the hole [Shipboard Scientific Party, 2003]. In the uppermost 30 mbsf, oxidative alteration of serpentinized harzburgite and dunite to reddish brown clay, carbonate, and Fe-oxyhydroxide is abundant, in particular in proximity to carbonate-clay cemented fault breccias. A fault gouge deeper in the core (Figure 2b ) lacks oxidative alteration.
[23] Two aspects of the alteration of ultramafic rocks in Hole 1272A are unusual. The first is that fine-grained magnetite-serpentine stringers, which are typically associated with replacement of olivine, are absent in samples from Hole 1272A. Instead, coarse magnetite is developed in the cores, rather than the mesh-rims, of the serpentine mesh texture. The second notable difference between serpentinites of Site 1272 and those from other sites is the abundance of soft, clayey serpentinized harzburgites and serpentine mud. Entire sections of the core were extremely soft and plastic when retrieved from the core barrel. After being exposed to air for more than a day, the core from these intervals developed shrinkage fractures and an overall crumbly appearance. In their most extreme form, these rocks have the appearance of mud. Characteristic peaks at 8.1 and 4.07 Å in x-ray diffractograms show that these samples contain iowaite. This communication is the first report of iowaite in serpentinites from a mid-ocean ridge setting. Iowaite is a rare hydrous magnesium hydroxide-ferric oxychloride, which was discovered in Precambrian serpentinite [Kohls and Rodda, 1967] . It has been recognized in ODP drill core of serpentinite mud volcanoes in the IzuBonin forearc [Heling and Schwarz, 1992] and from serpentinite at the Iberian margin [Gibson et al., 1996] . The structure of iowaite is similar to brucite, however, it contains significant ferric iron and chlorine. On the basis of analyses by Allman and Donnay [1969] the structural formula is
All XRD analyses of samples from core 12 and further downhole show these peaks, with variable intensities, indicating that iowaite is present in the soft, visibly clay-altered serpentinites as well as in the hard serpentinite. In thin section, we noted brown patches of sheet-like aggregates with a poor polish that show wavy extinction of aggregates and straight extinction of individual pseudofibers.
Site 1274
[24] The dark gray to black harzburgites and dunites of Hole 1274A are highly to completely serpentinized and show a very homogeneous appearance throughout the hole. Alteration prod- ucts include serpentine after olivine and orthopyroxene, brucite and magnetite after olivine, and minor talc and tremolite after clinopyroxene and orthopyroxene. Spinel is commonly fresh or slightly altered to magnetite. In partially serpentinized rocks, olivine is generally more altered than orthopyroxene. Clinopyroxene is commonly only moderately altered to talc and tremolite. In the uppermost 60 m of Hole 1274A, the degree of orthopyroxene alteration averages 50% -60%, while that of olivine is 80%. Olivine alteration in this interval produced only trace amounts of magnetite. Very highly to completely altered harzburgite and dunite from deeper in Hole 1274A show noticeable amounts of magnetite, commonly in diffuse magnetite-serpentine networks that appear to trace former olivine grain boundaries and cracks. Qualitatively, the downhole increase in the proportion of magnetite observed in thin sections appears to correlate with a downhole increase in magnetic susceptibility [Shipboard Scientific Party, 2003] .
Brucite is usually present in dunite while in harzburgite it is either absent or present only in trace amounts.
[25] Nonpseudomorphic ribbon textures are very common in Hole 1274A and both mesh and ribbon textures are usually developed within single thin sections. Ribbon textures consisting dominantly of chrysotile (apparent fibers are length-slow) replace mesh textures, in particular in sections of the hole where paragranular chrysotile veins are abundant. Ribbon textures and paragranular chrysotile veins locally impose a foliated fabric on the rock.
[26] The ultramafic rocks from Hole 1274A show an interesting variety of microtextures. Specifically, three different types of mesh textures are developed:
(1) mesh-rims of serpentine and magnetite, (2) relict kernels of olivine surrounded by serpentine and magnetite and brucite (Figure 4e ), and (3) brucite kernels surrounded by serpentine and a trace of magnetite. Individual thin sections commonly show various combinations of these types of mesh texture. Unlike the fibrous brucite in Holes 1271A and 1271B, which could be clearly distinguished from fibrous serpentine on the basis of its optical orientation (length-fast), apparent fibers of brucite in thin sections of serpentinites from Hole 1274A are length-slow. Similar brown kernels were observed in mesh-textured serpentinites from the MARK area (Hole 920) and identified by electron microprobe analyses as finely intergrown brucite and serpentine [Dilek et al., 1997] . The optical orientation of these aggregates suggests that the serpentine is lizardite. Sanford, 1981; O'Hanley, 1996] . Thin sections in which olivine is completely serpentinized show fresh clinopyroxenes (Figure 4f) . As we will discuss below, this relationship also indicates relatively low temperatures of fluid rock interaction (<250°C).
[27] Systematic downhole variations in the degree of serpentinization of ultramafic rocks were observed in Hole 1274A (Figure 2c ). In the uppermost 100 m of the hole, the degree of alteration increases from 60%-70% to >95%. Between 60 and 95 mbsf, alteration intensities vary between 70% and 100%. Below a prominent fault gouge zone in Section 1274A-18R-2 at about 95 mbsf, alteration intensity is generally very high to complete (>95%). In the lowermost 2 m of core recovered from Hole 1274A, alteration intensities drop again slightly to values between 85% and 95%. These variations in the estimated degrees of alteration are mirrored by changes in bulk-rock density, thermal conductivity, compressional velocity and porosity [Shipboard Scientific Party, 2003 ].
[28] The uppermost 90 m of Hole 1274A are affected by oxidative seawater alteration forming prominent cm-wide reddish to brownish halos along carbonate veins, which account in some intervals for as much as 15 vol% of the hole. This type of alteration is commonly restricted to sections of core with white carbonate veins, although these are not always preserved and may have been broken off the margins of individual pieces during drilling.
Discussion
[29] Many oceanic serpentinites consist only of two phases: serpentine and magnetite. Determining the metamorphic evolution of these rocks is difficult, because fluid-mineral phase relationships cannot always be employed. observed phase relationships in the light of experimental [Seyfried and Dibble, 1980; Janecky and Seyfried, 1986; Allen and Seyfried, 2003] and theoretical [Palandri and Reed, 2004; Wetzel and Shock, 2000] constraints for seawater-peridotite interactions and under consideration of peridotitehosted hydrothermal vent fluid compositions from the Logatchev, Rainbow, and Lost City hydrothermal sites Douville et al., 2002; Kelley et al., 2001] .
Serpentinite Phase Petrology
[30] Previous studies of oceanic serpentinites and associated gabbros from various settings [Cannat et al., 1992; Mével et al., 1991; Hébert et al., 1990; Bideau et al., 1991; Früh-Green et al., 1996; Dilek et al., 1997; Prichard, 1979; Mével and Stadoumi, 1996; Agrinier et al., 1995; Agrinier and Cannat, 1997; Schroeder et al., 2002] have revealed complex metamorphic evolution paths that include high-temperature (>300°-400°C) serpentinization and rodingitization and multiple lower-temperature overprints related to uplift and exposure of the mantle at the seafloor. [Normand et al., 2002; Janecky and Seyfried, 1986; Allen and Seyfried, 2003] indicate that lizardite and chrysotile form directly from olivine at temperatures above 300°C.
[32] The nature of the serpentine polytype is likely to be a function of temperature, fluid composition, P total , P(H 2 O), and kinetics. While thermodynamical calculations predict that (at P total = P(H 2 O) = 1 kbar) antigorite forms at T > 300°C, lizardite forms at [Normand et al., 2002] . Sanford [1981] and O'Hanley [1996] argue that the stability fields of lizardite and chrysotile may extend to higher temperatures if P(H 2 O) < P total . Actively serpentinizing systems within the oceanic lithosphere consume water, produce methane and hydrogen, and are likely at sublithostatic pressure, suggesting that P(H 2 O) is likely significantly smaller than P total . The use of serpentine mineralogy in constraining the evolution of oceanic serpentinites is therefore somewhat problematic.
[33] The presence of incompletely serpentinized dunites and minor harzburgites at Sites 1271 and 1274 provides the opportunity to examine potential reaction paths of serpentinization. Field and experimental studies suggest that serpentinization at low to moderate temperature (<250°C) is a nonequilibrium process, during which dissolution of olivine proceeds at rates faster than precipitation of talc and serpentine [e.g., Nesbitt and Brickner, 1978; Martin and Fyfe, 1970] .
[34] Figure 5a displays a Mg-Ca-Si-O-H mineralfluid phase diagram for 200°C and 500 bars. The fluid composition will be driven toward the stability fields of serpentine and brucite, which represent the lowest energy mineral assemblage [e.g., Hemley et al., 1977] . The reaction path proposed by Nesbitt and Brickner [1978] (black arrow in Figure 5a ) is strongly curved, owing to rapid dissolution of olivine and consumption of acidity, followed by a shoaling of the trend due to dissociation of orthosilicate at high pH. The last part of the proposed reaction path is controlled by the forsterite dissolution boundary. If pH = 10 and silica concentrations of seawater are assumed (similar to the Lost City vent fluids [Kelley et al., 2001] ), the calculated silica activity at 200°C (the estimated maximum temperature of Lost City vent fluids [Allen and Seyfried, 2004] ) is near the serpentine-brucite boundary in Figure 5a . However, the in situ pH at 200°C for the Lost City fluids (room temperature pH values around 10.5 [Kelley et al., 2001] ) is only 7.7. Still the Lost City fluid could be multiply saturated in olivine, brucite, and serpentine phases if the Mg +2 activity is 1 mmol/kg. Also shown in Figure 5a is a schematic reaction path for fluids from a harzburgite-seawater interaction experiment [Seyfried and Dibble, 1980] that trends toward the chrysotile-brucite boundary. In contrast, fluids from a lherzolite-seawater experiment at 200°C and 500 bars [Janecky and Seyfried, 1986] do not evolve toward brucite saturation, because the high abundance of pyroxenes keeps the fluid pH low and the silica activity of the fluids high (Figure 5a ). The fluid reaction path is therefore a function of both the reaction temperature (i.e., the relative rates of olivine and pyroxene alteration) and the modal composition of the peridotite.
[35] The effect of pyroxene on solution chemistry is even stronger at higher temperatures (>250°-300°C), where pyroxenes react faster than olivine [Martin and Fyfe, 1970; Allen and Seyfried, 2003] . Figure 5b demonstrates that high-temperature (365°C) black smoker fluids from the Logatchev and Rainbow peridotite-hosted hydrothermal systems [e.g., Charlou et al., 2002] , when respeciated at 400°C and 500 bars, are pinned by fluid saturation in pyroxene and that talc and possibly tremolite should form at the expense of pyroxene. As long as pyroxenes are present (and dissolve fast) the pH of the interacting fluids is low and the silica activity high [cf. Allen and Seyfried, 2003] . Only when the fluid is no longer pyroxene saturated can it evolve to higher pH and lower silica activity.
[36] These mineral-fluid phase relationships are relevant for the interpretation of the serpentinebrucite and olivine-amphibole-talc assemblages observed in cores from Sites 1271 and 1274. A possible interpretation of the relatively fresh dun- . The black trend is a hypothetical evolution path of fluids dissolving olivine at a higher rate than hydrous mineral are precipitated. The drop in silica activity is solely the result of the decrease in the orthosilicate activity coefficient as a function of increasing pH (calculated with SUPCRT92 [Johnson et al., 1992] ). The blue square represents the hydrothermal fluids from the Lost City vent site [Kelley et al., 2001] , respeciated for 200°C [Allen and Seyfried, 2004] . The in situ pH value of Lost City fluids at 200°C is 7.7; silica concentration is similar to seawater [Kelley et al., 2001] . The Lost City fluids could be multiply saturated in olivine, brucite, and serpentine, if the Mg +2 activity is 1 mmol/kg. The gray field encompasses fluid compositions from a lherzoliteseawater reaction experiment at 200°C and 500 bars conducted by Janecky and Seyfried [1986] . Fluids from a harzburgite-seawater interaction experiment [Seyfried and Dibble, 1980] evolve along a trend indicated by the green arrows toward the chrysotile-brucite boundary. The black arrow is a hypothetical evolution path of a solution that dissolves olivine faster than it precipitates serpentine [cf. Nesbitt and Brickner, 1978] . The red arrow represents a schematic fluid evolution path for seawater heated to 200°C followed by a drop in Mg and an increase in pH. (b) Mineral-fluid phase diagram for the system Mg-Ca-Si-O-H at 400°C and 500 bars. The gray field labeled ''R&L'' represents fluid compositions from the Rainbow and Logatchev hydrothermal sites, respeciated for 400°C and 500 bars . In situ pH values at these systems range between 4.5 and 5. Silica activities are 6 to 7 mmol/kg, and Mg 2+ activity is assumed to be on the order of 0.1 mmol/kg. ites with rare, talc-altered orthopyroxene pseudomorphs is that these rocks reacted with hydrothermal fluids at high temperatures (>300°C), where orthopyroxene reacts faster than olivine. The proximity of mafic material (amphibolites) to intervals of unaltered dunite may suggest that the presence of pyroxene and amphibole kept the silica activity of the interacting fluids high so that serpentinization of olivine was inhibited. Formation of talc after olivine is thermodynamically favored (Figure 5b ) but kinetically sluggish [e.g., Nesbitt and Brickner, 1978] . Replacement of orthopyroxene by talc, on the other hand, is commonly observed in alpine and abyssal serpentinites [e.g., Aumento and Loubat, 1971; Hostetler et al., 1966] . As the system moves toward lower silica activities after pyroxenes are exhausted, talc that had formed during initial alteration will react to serpentine. These processes explain the scarcity (or complete lack) of talc as part of the background alteration in many completely serpentinized rocks.
[37] The brucite-bearing dunites (and minor harzburgites) require a different genetic model (see Figure 5a ). The phase relations indicate that these lithologies reacted with fluids of high pH and low silica activities. Such fluids are generated when alteration is controlled by rapid olivine dissolution and relatively sluggish hydrous mineral precipitation. Thermodynamically and kinetically, conditions for brucite-serpentine formation are favorable at low temperatures and in the absence of pyroxenes. The abundance of brucite at Site 1271 may suggest that the circulating fluids are dominantly high pH and low silica activity, which could be explained if the basement consists dominantly of dunite.
[38] At Site 1274, magnetite is rare where serpentinization is incomplete (as low as 60%), suggesting that significant magnetite formation does not begin until more than 60% of the primary rock is serpentinized. At Site 1274 brucite is most common in dunites, but does also occur in harburgites. Brucite is not expected to be associated with the breakdown of pyroxene, because the high silica activity of fluids reacting with pyroxene would prevent brucite formation and would cause previously formed brucite to react to serpentine according to reaction:
[39] The occurrence of both brucite and partially serpentinized pyroxene may hence indicate local disequilibria during the main stage of serpentiniza- [Helgeson et al., 1978] , so that the stoichiometry of this reaction corresponds to a mode of 83% serpentine, 12% brucite, and 5% magnetite (83:12:5).
[41] While here magnetite accompanies serpentine and brucite and appears to form directly from olivine breakdown, little magnetite is produced during initial serpentinization. Allowing for Fe to substitute for Mg in serpentine and brucite, e.g., Hence the amount of magnetite, brucite, and H 2 ,aq formed depends upon the degree of Fe-incorporation into secondary phases.
[42] To explain density-magnetic susceptibility relationships in variably serpentinized harzburgites from ophiolites, Toft et al. [1990] suggested that initial serpentinization produces Fe-rich serpentine and Fe-rich brucite, and that magnetite forms during recrystallization of these phases as serpentinization proceeds. We tentatively propose a similar explanation for the observation that little magnetite is formed during initial serpentinization at Site 1274. However, we note that analyses of recrystallized serpentine from MARK serpentinites [Dilek et al., 1997] have much higher Fe contents (5.2 ± 1.0 wt.% FeO) than pseudomorphic serpentine (2.8 ± 1.2 wt.% FeO). Our observation of direct replacement of olivine by serpentine, brucite AND magnetite that, as argued above, likely occurred subsequent to the initial serpentinization and possibly represents lower reaction temperatures pro- vides an alternative explanation for the increased magnetite formation during advanced stages of serpentinization. The presence of fresh clinopyroxene in rocks in which olivine is completely serpentinized (Figure 4f ) can also best be explained by main stage alteration at temperatures at which olivine reacts much faster than pyroxene (<250°C).
Redox Conditions
[43] While the sequence of alteration reaction observed in Hole 1274A and previous studies [e.g., Toft et al., 1990] suggest that magnetite formation peaks when most of the rock is serpentinized, ongoing fluid-rock reactions after serpentinization is complete may lead to magnetite destruction. This is clearly demonstrated by the rocks recovered from Site 1268 that show reaction of serpentine and magnetite to talc and hematite along with a decrease in magnetic susceptibility [Shipboard Scientific Party, 2003] . The succession of oxide/sulfide minerals in Hole 1268A indicates the development of the rock-fluid system to more oxidizing conditions with time ( Figure 6a ). The presence of magnetite in veins as well as the occurrence of reduced Fe and Ni sulfides (relict pyrrhotite/pentlandite and partial replacement by heazlewoodite) in a moderately altered orthopyroxenite suggest fairly reducing conditions during early serpentinization and veining. Phases indicating even lower oxygen fugacities, found in peridotites from Hess Deep and MARK area [Alt and Shanks, 1998, 2003] (Figure 6b ), were not identified in the course of our limited shipboard studies. Increasing modal percentages of hematite in the late stage veins are associated with decreasing H 2 S(aq) and H 2 (aq) activities of the interacting hydrothermal solution (Figure 7) . Such a trend can be expected in long-lived hydrothermal systems where the reducing capacity of the rock is exhausted by oxidation of seawater sulfate [e.g., Seyfried and Ding, 1995] . This scenario is consistent with the observation that the peridotites in Hole 1268A underwent multiple episodes of intense and pervasive alteration under variable redox and pH conditions. This is generally similar to serpentinites from the Iberian Abyssal Plain [Beard and Hopkinson, 2000; Hopkinson et al., 2004] .
[44] The late-stage veins are dominated by hematite and not by pyrite like in other locations [Alt and Shanks, 1998, 2003] (Figure 6b ). Seyfried and Ding [1995] suggest that the reaction anhydrite + 3 anorthite + 4 H 2 (aq) = 2 clinozoisite + H 2 S(aq) + 2H 2 O (AAC) keeps the system fairly reducing until plagioclase has been reacted to albite (and anorthite activity is small). This model can explain the lack of hematite in reaction zones of basalt-hosted hydrothermal systems [e.g., Alt, 1995] . In peridotitehosted systems a Ca-Al silicate/anhydrite buffer may not be affective. In any case, high Ca concentrations (20-65 mM Kelley et al., 2001] ) in fluids venting from peridotites indicate that enough Ca is released from the incompletely serpentinized rocks to keep sulfate level low. One way of simulating the effect of intense water rock reaction on redox equilibria is assuming a drop in anorthite activity along with decreasing temperatures of fluid-rock interaction as the crust is uplifted. The consequence of a coupled drop in temperature and anorthite activity (Figures 7a-7c ) is a shift of the AAC equilibrium relative to hematite-magnetite-pyrite such that below 300°C hematite may coexist with anhydrite. Another way of explaining the shift in redox equilibria is independent of a possible CaAl-silicate/anhydrite buffer. Seawater has insufficient Ca contents (10 mM) to precipitate all the sulfate (28 mM) as anhydrite upon heating. In basalt-hosted hydrothermal systems sulfate is nearzero, because Ca is rapidly released to the fluid in the downwelling limb of a convection cell and sulfate is controlled by anhydrite solubility. However, Ca release from peridotite may be diminished if the protolith is strongly melt-depleted and/or the rock is completely serpentinized and Ca-leached. If such a rock undergoes continued reaction with seawater, sulfate may remain in the fluid at higher concentration levels and hematite may become stable. The temperature-dependent shift of the sulfate/sulfide equilibria relative to that of the hematite/ magnetite boundary ( Figure 7) indicates that acidic fluids with significant sulfate contents may coexist with hematite at temperature of 300°C and below. Slightly alkaline fluids (e.g., in situ pH of 7.5-8), such as at the Lost City site, cannot equilibrate with hematite (dashed, gray line in Figure 7 ) even if sulfate is present. This is consistent with our earlier suggestion that olivine reacts to serpentine, brucite, and magnetite at high fluid pH that is expected to evolve when olivine reacts faster than pyroxene. At 200°C: 3.0; 300°C: 3.9; 400°C: 4.6) and Lost City (200°C: 7.7; 300°C: 7.5) based on 25°C pH values of 2.8 (Rainbow ) and 10.5 (Lost City [Kelley et al., 2001] ). Note that the sulfate-sulfide boundary shifts to the left more rapidly than the hematite-magnetite boundary as temperatures decrease. Also note that in the presented temperature range sulfate and hematite may not coexist at high pH values relevant for Lost City. All calculations are based on the SUPCRT92 database [Johnson et al., 1992] . Site 1268, olivine is completely reacted out. Therefore circulating seawater will not become alkaline and may produce hematite upon interaction with serpentinite. These examples illustrate the complex relations between water-silicate reactions, fluid chemistry, and redox equilibria in peridotite-hosted hydrothermal systems.
Si Metasomatism of Serpentinites at Site 1268
[45] The most unusual aspect of the hydrothermal alteration at Site 1268 is the widespread replacement of serpentine by talc under static conditions. Replacement of serpentinized peridotite and gabbro by talc has been reported before. Escartín et al. [2003] documented the widespread presence of amphibole-chlorite-talc schists on rift valley walls in the 15°20 0 N area that represent a late stage of high-temperature syntectonic alteration along detachment faults. Früh-Green et al. [46] Another remarkable observation is the lack of Ca metasomatism (rodingitization) of the gabbros and gabbroic veins encountered in Hole 1268A. In previously drilled and dredged sections of upper mantle [Dilek et al., 1997; Früh-Green et al., 1996; Bideau et al., 1991] gabbros are Ca-metasomatized, and it has been suggested that Ca released during serpentinization is fixed in Ca silicates replacing primary minerals of the gabbro. This static Ca metasomatism of gabbros embedded in peridotite is common elsewhere, but it is not developed at Site 1268, where, instead, serpentinites have undergone pronounced Si metasomatism.
[47] It is well documented that talc forms after orthopyroxene under static conditions during prograde serpentinization and is replaced by lizardite either during retrograde serpentinization [Wicks, 1984] or due to a combination of increased H 2 O activity and decreased silica activity in the fluid [Frost, 1985] . As discussed in the previous section the formation of noticeable amounts of early talc and tremolite (after orthopyroxene) and brucite (after olivine) during prograde serpentinization is consistent with field observations, experimental results and vent fluid chemistry. Hydrothermal experiments (at 400°C and 500 bars) confirm that fluids are talc-saturated as long as fresh pyroxene is left in the serpentinizing peridotite [Allen and Seyfried, 2003] . Similarly, brucite is believed to be a product of incipient serpentinization which, due to reaction with aqueous SiO 2 released by the breakdown of orthopyroxene to lizardite, forms lizardite and magnetite [e.g., Toft et al., 1990 ].
[48] There is no relict talc, tremolite, or brucite in serpentinites from Hole 1268A, suggesting that serpentinization reached an advanced stage, at which only serpentine and magnetite were present. Another indication of the advanced degree of serpentinization in Hole 1268A is the general scarcity of pseudomorphic mesh textures and the common development of transitional hourglass and ribbon textures [O'Hanley, 1996] . Furthermore, interlocking textures, indicating recrystallization of mesh-textured serpentine, are common and serrate chrysotile veins formed at the expense of early lizardite.
[49] The replacement of serpentine by talc at Site 1268 is a metasomatic process. Fresh Harzburgite (80%olivine, 20% orthopyroxene) has a molar (Mg+Fe)/Si of 1.8. Serpentine has a molar (Mg+Fe)/Si of 1.5 so that some transfer of Mg, Fe, and Si must be inferred unless the rock contains abundant brucite [O'Hanley, 1996] . The molar (Mg+Fe)/Si of talc is 0.75, and hence the complete replacement of serpentine by talc in long sections of core from Hole 1268A indicates substantial mass transfer of Mg, Fe, and Si. Mg solubility in hydrothermal fluids is extremely low in the presence of hydrous Mg-silicates [e.g., Saccocia et al., 1994] . We calculate that at 150°-350°C and 1 kbar, the Mg concentration of 3.2 wt.% NaCl solution saturated with talc is less than 5 ppm at pH ! 6. To explain the replacement of serpentine ($40 wt.% Mg) by talc ($29 wt.% Mg) with Mg loss would require unreasonable high water-to-rock ratios >20,000. However, the solubility of Mg is strongly pH-dependent, and Mg solubility in talc-saturated seawater at 200°C is $100 ppm at pH = 5 and $10,000 ppm at pH = 4 (at an assumed silica activity of 1 mM). It is conceivable that seawater recharging into highly Ca-depleted peridotite cannot leach sufficient Ca +2 from the rock to balance the loss in Mg +2 , which is then in part balanced by the release of protons to the fluid. If the pH was indeed 5, Mg loss may attribute to the replacement of serpentine by talc. Marcasite is expected to form at pH 4-5 [Murowchick and Barnes, 1986] , and ongoing studies of Hole 1268A sulfide petrology will focus on the identification of marcasite in talc-altered rocks.
[50] One plausible reaction between serpentine and fluid to form talc is which proceeds to the right if the silica activity of the fluid is increased and/or if the water activity is lowered. In some cases, the formation of talcmagnesite rocks after serpentinite have been a consequence of lowering the water activity of the fluid by adding CO 2 [e.g., Peabody and Einaudi, 1992] . However, we did not observe magnesite (or other carbonates) in detectable amounts and conclude that carbonatization cannot account for the abundant development of talc after serpentine. It is hence more likely that an increase in silica activity is responsible for the conversion of serpentine to talc. Talc alteration may therefore more likely be a result of Si metasomatism.
[51] The close spatial association of talc alteration and gabbro intrusions suggests that gabbro emplacement and talc alteration are related. Gabbro intrusion and dike formation in serpentinite could revive hydrothermal circulation by providing a heat source and creating permeability. However, hydrothermal circulation long after gabbro emplacement could also transport SiO 2 from gabbro into host peridotite. Theoretical geochemical models suggest that, at 350°C and 500 bars, mafic rock-seawater reactions form hydrothermal fluids that many orders of magnitude higher in silica and lower in pH than hydrothermal fluids produced by reaction of seawater with ultramafic rocks [Wetzel and Shock, 2000] . Hydrothermal reaction between gabbro and seawater under greenschist-facies conditions transform pyroxene and plagioclase in the gabbros to chlorite, amphibole, and talc, releasing silica and acidity and causing Si metasomatism and talc formation in the serpentinites. Serpentinization of olivine at 350°C and 500 bars is associated with extremely low silica concentrations (<0.01 mM) in the interacting fluids [Wetzel and Shock, 2000] . However, Allen and Seyfried [2003] have demonstrated that ultramafic rock alteration under conditions under which pyroxenes react faster than olivine may generate fluids with moderate Si concentrations (4 mM). Breakdown of pyroxene during harzburgite-seawater reactions is therefore an alternative (or additional) source of silica. Similarly, the abundance of hydrothermal sulfides in Hole 1268A may suggest input of hydrothermal sulfide derived from a gabbro-driven hydrothermal system as proposed by Alt and Shanks [2003] for serpentinites from the MARK area.
[52] While serpentinites at Site 1268 show extreme Si metasomatism, the gabbroic dikes lack rodingitization. Rodingitization commonly takes place when gabbros and ultramafic rocks undergo the same metamorphic history and Ca-rich fluids generated during serpentinization metasomatize the gabbros replacing pyroxene and plagioclase by diopside, tremolite, clinozoisite, prehnite, and hydrogrossular [e.g., Schandl et al., 1989; O'Hanley, 1996] . The lack of rodingitization (even in small gabbroic veins) may also relate to the Ca-poor nature of the host peridotite.
Late-Stage Fluid-Rock Interactions
[53] The latest stages of veining in the Hess Deep, MARK, and Lost City areas is the formation of aragonite veins under ambient conditions at or near the seafloor [e.g., Frü h- Green et al., 2003; Blusztajn and Hart, 1996; Dilek et al., 1997] . There is also abundant late-stage aragonite in serpentinites from the Iberian margin drill cores . A variety of late-stage, low-temperature reactions is recorded in ODP Leg 209 drill core. The late-stage talc overprint and sulfide/oxide veining at Site 1268 likely took place at somewhat elevated temperatures. Aragonite veins were not identified in core from Hole 1268A, suggesting that present-day veining and seawater ingress may be minimal, or that exposure at the seafloor was recent. At other sites (in particular 1271 and 1274), aragonite veining and low-temperature oxidative alteration of relict primary phases is common.
[54] The discovery of iowaite in core from Hole 1272A is the first reported occurrence of this phase from a mid-ocean ridge setting. It has been inferred that iowaite may be formed from iron-bearing brucite under oxidizing conditions [Heling and Schwarz, 1992] . This process involves the oxidation of Fe 2+ in brucite to Fe 3+ generating a charge imbalance, which is accommodated by incorporation of Cl À between brucite layers. In a model suggested for iowaite formation in serpentinite muds in the Izu-Bonin forearc this reaction is proposed to take place immediately below the seafloor due to infiltration of ambient seawater [Heling and Schwarz, 1992] . Conversely, occurrences of iowaite in serpentinites from the Iberian margin (ODP Site 897) have been related to circulating low-temperature, seawater derived Cl-rich brines [Gibson et al., 1996] . Here, iowaite is restricted to a zone with elevated Cl-concentrations in bulk rock analyses (up to 1 wt%) and it is inferred that alteration is this area was probably independent of the earlier serpentinization, sulfidization and pyrite formation, and later surficial oxidative alteration.
[55] The observation of abundant iowaite distinguishes Hole 1272A from all other holes drilled during Leg 209. A distinctive stage of alteration, postdating serpentinization, may have occurred in this area which may have been associated with fluid flow along the major fault zones observed in this hole. While the involvement of a brine in the formation of iowaite is questionable, iowaite does indicate oxidizing conditions. It is remarkable to find long sections of basement that have been oxidized given the fact that fluids actively venting from oceanic core complexes and ultramafic massifs in ophiolites are enriched in aqueous H 2 [Kelley et al., 2001; Neal and Stanger, 1983; Abrajano et al., 1988] . It has been proposed that H 2 is generated under a range of temperatures by hydrolysis on ferrous oxide in olivine [Neal and Stanger, 1983; Holm and Charlou, 2001] . The hydrogen will react (possibly catalyzed by microbial activity) with dissolved oxygen, nitrate, and sulfate. As long as fresh olivine is present, the interacting fluids should hence be anoxic. There are small amounts of fresh olivine present in the interval of iowaite occurrence in Hole 1272A. Maybe the basement Site 1272 is effectively hydrated so that circulating fluids do not react with sufficient amount of fresh material to produce significant H 2 ,aq.
[56] The presence of nontronite in serpentine muds recovered from Hole 1274A also indicates that water-rock reactions continued at low temperatures and under oxidizing conditions. This is also suggested by the development of aragonite veins with oxidation halos in the uppermost 90 m of Hole 1274A. The aragonite veins disappear abruptly below the first fault gouge at 95 mbsf. Either the fault gouge represents a hydrogeological barrier that prevents cold seawater from penetrating deeper into the basement, or the fault zone accommodates the strain so that fracturing and circulation of cold seawater is limited to the hanging wall of the gouge.
Conclusions
[57] ODP Leg 209 drill core reveals peridotiteseawater interactions that took place under a wide rage of temperature, pH, and redox conditions and involved fluids with variable silica activities. It is apparent that apart from the physicochemical conditions of peridotite-seawater reactions, protolith composition, presence of gabbro intrusions, and structural features (e.g., detachment faults, normal fault gauges) contribute to the large diversity in alteration types observed. This diversity of peridotite-seawater reaction products may be common in structurally complex settings such as the MidAtlantic Ridge 15°N area.
[58] During initial peridotite-seawater interaction at Sites 1270 and 1271 pyroxenes react to produce talc and tremolite, while olivine remains largely fresh. Experimental calibration suggests that these reactions take place at T > 350°C where olivine does not react or reacts at a much slower rate than pyroxenes. Rainbow and Logatchev fluid compositions are consistent with these mineral reactions.
[59] In the absence of pyroxenes (in dunites), or at low temperatures, where pyroxenes react very slowly, the fluids do not become enriched in Si and serpentine, magnetite, and brucite form. These reactions are documented in dunites of Site 1271 and dunites and harzburgites of Site 1274 and likely take place at temperatures <250°C. In many oceanic serpentinites, brucite, tremolite, and talc formed during initial serpentinization are not present, because continued fluid-rock interaction leads to changes in fluid pH and silica activity and causes reaction of these phases to serpentine. In addition, brucite dissolves in seawater and is not preserved at or near the seafloor.
[60] If seawater-rock interaction continues after serpentinization is largely completed, oxidizing conditions prevail as indicated by the abundance of hematite in Hole 1268A and iowaite in Hole 1272A. The Ca poor nature of the dunites and depleted harzburgites (in particular after serpentinization is completed) may in part be responsible for the prevalence of oxidizing conditions if the release of Ca to the fluid is insufficient to precipitate seawater sulfate as anhydrite. Local pervasive talc alteration suggests that mass transfer during post-serpentinization reactions can be significant. Talc alteration is not limited to shear zones and pervasive talc alteration under static conditions is common at Site 1268. We suggest that this talc alteration is due to silica metasomatism and that the silica is mobilized from gabbros and harzburgite undergoing high-temperature (>350°C) fluid-rock interactions. 
